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The Wnt signaling pathway plays a key role in many biological aspects, such as cellular proliferation, tissue regeneration, embryonic
development, and other systemic effects. Under a physiological condition, it is tightly controlled at different layers and arrays,
and a dysregulated activation of this signaling has been implicated into the pathogenesis of various human disorders, including
autoimmune diseases. Despite the fact that therapeutic interventions are available for ameliorating disease manifestations, there
is no curative therapy currently available for autoimmune disorders. Increasing lines of evidence have suggested a crucial role of
Wht signaling during the pathogenesis of many autoimmune diseases; in addition, some of microRNAs (miRNAs), a class of small,
noncoding RNA molecules capable of transcriptionally regulating gene expression, have also recently been demonstrated to possess
both physiological and pathological roles in autoimmune diseases by regulating the Wnt signaling pathway. This review summarizes
currently our understanding of the pathogenic roles of Wnt signaling in several major autoimmune disorders and miRNAs, those
targeting Wnt signaling in autoimmune diseases, with a focus on the implication of the Wnt signaling as potential biomarkers and
therapeutic targets in immune diseases, as well as miRNA-mediated regulation of Wnt signaling activation in the development of

autoimmune diseases.

1. Introduction

The evolutionary process of organisms leads to development
of immune system enabling the body to identify “self-" and
“nonself’-components to maintain an immune homeostasis,
and a malfunction of immune system may cause abnormally
low activity or over activity of the immune system. The low
activity is a cause of immune deficiency diseases that decrease
an ability to eliminate invaded pathogens, and the over-
whelming activity leads the body to attack and damage its
own tissues and cause autoimmune diseases (ADs).

An autoimmune disease (AD) can affect one or many
different types of body tissues, which can be characterized
by self-immune disorders involving chronic inflammation,
causing multiple major organ damages and failures, as well as
the accumulation of autoantibodies in genetically susceptible

individuals. They can generally be further grouped into two
categories: systemic autoimmune diseases such as systemic
lupus erythematosus (SLE) and organ- or tissue-specific
autoimmune diseases including rheumatoid arthritis (RA)
and inflammatory bowel disease (IBD) [1]. There are more
than 80 types of autoimmune diseases ranging in severity
from mild to severe, depending on the degree and/or organ(s)
affected. In addition, many ADs have similar symptoms,
which lead to a difficulty in diagnosis of ADs. Though several
ADs, such as RA, can be managed by suppressing chronic
inflammations and preventing organ damages using agents
including nonsteroidal anti-inflammatory drugs (NSAIDS),
antimalarials, steroids, immunosuppressive agents, and bio-
logical therapies, the treatment for autoimmune diseases
mainly focuses on relieving symptoms, since there is no
curative therapy currently available, and the adverse effects
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of long-term administration of these therapeutic agents limit
their uses on patients with multiple organ complications [2].
Even worse, a large number of ADs are currently lacking an
effective and successful specific therapy, in part owing to the
incomplete understanding of the underlying mechanisms of
signaling regulation of these ADs [3, 4].

The Wnt signaling has been demonstrated to play crucial
roles in several biological aspects, including cellular prolif-
eration, embryonic development, tissue homeostasis, devel-
opment of immune system, and other systemic effects [5]. In
addition to its dispensable roles in the development of T cells
and the immune system, mounting evidence has recently sug-
gested that this signaling pathway is involved in the pathogen-
esis of many types of autoimmune diseases, such as RA, SLE,
and ankylosing spondylitis (AS) [6-12]. Recently, emerging
roles of microRNAs (miRNAs), a class of small, noncoding
RNAs capable of transcriptionally regulating target gene
expression in the autoimmune diseases, have also been
recognized. Some of these miRNAs have been implicated in
the pathogenesis of ADs, through mechanisms by targeting
Wnat signaling pathways. Hence, we summarized our current
understanding in the emerging roles of Wnt signaling in
autoimmune diseases and miRNAs, those targeting Wnt sig-
naling components in ADs, with a focus on Wnt family mem-
bers and miRNAs targeting this signaling as potential molec-
ular targets for the diagnosis and treatment of autoimmune
diseases.

2. The Wnt Signaling Pathways

The Wnt signaling is an ancient and evolutionarily conserved
pathway identified in metazoan animals, which has been well
characterized to play pivotal roles in cell fate determination,
cell migration, cell polarity, neural patterning, and organo-
genesis during embryonic development, stem cell mainte-
nance, and tissue homeostasis during physiological condition
and tissue repair following injuries [5, 13, 14]. A dysregulation
of Wnt signaling has been implicated in the pathogenesis
of many disease types, including cancers and ADs [15-19].
To date, 19 human Wnt genes that encode respective Wnt
proteins have been identified in humans [13]. Wnt proteins
can bind to the seven transmembrane spanning frizzled (Fzd)
receptors that are also able to complex with coreceptors
such as the low-density lipoprotein-related receptor (LRP)
5 or 6 [13]. However, Wnt proteins are not restricted to
specific Fzd receptors; an interaction of Wnt/Fzd may activate
several different pathways. Wnt signaling pathways can be
thus further characterized by a “canonical pathway” and sev-
eral “noncanonical pathways,” including the Wnt/f-catenin,
planer cell polarity (PCP), c-Jun N-terminal protein kinases
(JNK), protein kinase C/calcium (PCK/Ca®"), receptor-like
tyrosine kinase (RYK), and receptor tyrosine kinase-like
orphan receptor (Ror) pathways [5, 13, 20]. Among these, the
Wnt/-catenin signaling pathway is the most investigated and
the best characterized Wnt signaling pathway.

The Wnt/B-catenin pathway also is referred to as the
“canonical Wnt pathway,” which is characterized by Wnt
binding to its coreceptor complex that is constituted by the
LRP-5 or LRP6, and a member of the ten Fzd family of
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proteins (Figure 1) [21]. In a steady state without a Wnt signal-
ing ligand, the cytosolic 3-catenin is phosphorylated by the
complex consisting of glycogen synthase kinase 33 (GSK3p),
casein kinase I (CKI), Axin, and adenomatous polyposis coli
(APC) [22]. In this context, Axin is a scaffold that favors the
union of the GSK3p to cytosolic f3-catenin to phosphorylate
B-catenin, and APC mediates phosphorylated [-catenin
binding to the ubiquitin-mediated proteolysis pathway. In the
presence of Wnt protein ligand, Wnt binds to its coreceptor
complex and activates Wnt signaling by recruiting the cytoso-
lic disheveled (Dvl) proteins, which in turn blocks the f-
catenin degradation and sequentially leads to the accumula-
tion of B-catenin in cytoplasm and translocation of 3-catenin
into nucleus and binds to transcriptional factors TCF/LEF to
initiate the expression of Wnt target genes [13].

A Wnt signaling pathway that is independent 3-catenin-
TCF/LEF is classified into the “noncanonical signaling path-
way” (Figure 2), which may regulate both transcriptional and
nontranscriptional responses in the cells [23]. The planar cell
polarity (PCP) and the Wnt/Ca** pathways are two of the
best characterized 3-catenin-independent noncanonical Wnt
pathways [24]. The PCP pathway is characterized by a Dvl-
driven sorting of cellular components to either the proximal
or distal regions of the cell and directs it within the tissue [25],
within which the Fzd receptor activates a cascade that has the
small GTPases RACI and Ras homolog gene family, member
A (RHOA), and JNK as downstream effectors that direct
asymmetrically cytoskeletal organization and coordinated
polarization of cells within the plane of epithelial sheets by
controlling target gene expression [26]. In the PKC/Ca®*
pathway, a Wnt ligand binding to Fzd receptor triggers the
activation of heterotrimeric G proteins, which is in turn able
to activate phospholipase C (PLC) and PKC and sequentially
leads to the release of intracellular Ca**. The evoked Ca**
concentration activates the phosphatase calcineurin, which
leads to dephosphorylation of transcription factor, nuclear
factor of activated T cells (NFAT) to regulate the transcription
of genes controlling cell fate and cell migration [24].

Interestingly, Wnt signaling can be regulated by both
of intracellular proteins which influence signal transduction
and extracellular antagonists such as Wise (Sostdcl), secreted
frizzled-related protein (SFRP), the Wnt inhibitory factor
1 (WIF-1), Cerberus, and the dickkopf (DKK) family of
secreted proteins [27]. Among them, the DKK family of
Wnt antagonists has recently spurred increased interests. The
DKK family comprises four members of proteins, DKKI,
DKK2, DKK3, and DKK4, which are synthesized as precursor
proteins activated by a proteolytic cleavage [28]. The DKKI
and DKK3 are the most studied members of this family, which
can inhibit the Wnt signaling by binding to LRP5/6 and then
degrading the coreceptor, and thus have been considered as
potential targets in diseases with an aberrant Wnt signaling
activity [29, 30].

To date, biological roles of Wnt signaling in T cell
development have been well established [31], and its roles in
immune regulation have also recently gained an increased
attention [32]. Moreover, accumulating evidences have indi-
cated that the Wnt signaling has clinical implications in



Journal of Immunology Research

Off state I
(DK |
BRERERBEEEEERREEEEERE
Plasma membrane Frizzed
LRP5 or LRP6

PP2A ‘ﬁ

SKSﬁ

DVL

OU
'L[be

¢¢

f-catenin
fragments
AR

Proteasome

Y HDAC

Nucleus

T

)\ ‘\ ‘\ ‘\ ‘\ ‘\

Canonical Wnt pathway

HV&'HH’H!" S SRR

1
I
!
I
> C ICAT wp=cateninws : PYGO ‘
i
I
I
I

On state

i
RN '4’”5 A”'“" i 1)

- £z AR
! Frizzed

Target
genes

~B-catenin
|_>
A\ s

FIGURE 1: Canonical Wnt signaling pathway (f-catenin-dependent Wnt signaling pathway). In the absence of Wnt ligand(s), cytoplasmic
B-catenin is targeted for phosphorylation, by a multiprotein complex comprising Axin, adenomatous polyposis coli (APC), the glycogen
synthase kinase 38 (GSK3p3), and casein kinase la (CKlx). The phosphorylated form of f3-catenin is recognized by an E3 ubiquitin ligase
(B-TrCP) and then targeted to proteasomal degradation, resulting in low cytosolic levels (left panel); in the presence of Wnt ligand(s), Wnt
ligand binds to the Fzd and LRP receptors, and this binding triggers the signaling and activates the Dvl; the activation of Dvl inhibits the
GSK-3p and results in destructing the multiprotein complex which stabilizes and leads to the intracellular accumulation of S-catenin in the
cytoplasm; accordingly the active 3-catenin translocates to the nucleus, where it acts as a transcriptional coactivator with TCF/LEF to activate

Wnt-responsive target genes (right panel).

the pathogenesis of many types of autoimmune diseases,
including RA, SLE, and AS [6, 8, 9, 11, 17, 18, 33-35].

3. Regulatory Roles of Wnt Signaling in
Immune Cells

Hematopoietic stem cells (HSCs) are capable of differentiat-
ing into hematopoietic progenitor cells (HPCs), which can
further differentiate into immune cells, such as T cells, B
cells, NK cells, and macrophages. There are many lines of
evidence which have demonstrated that Wnt signaling plays
a key role in the maintenance, proliferation, differentiation,
and self-renewal of HSCs [36]. Wnt ligand proteins and
receptors can be produced not only by HSCs and primitive
progenitors, but also by the cells constituting the surrounding
microenvironment in both adult and fetal hematopoietic
organs of mice and humans [37]. For example, indeed,
Fzd6, a noncanonical Wnt receptor, could promote HPC
expansion and multilineage hematopoietic recovery after the
transplantation [38].

Apart from its regulatory roles in HSCs, the importance
of Wnt signaling in the T cell development has also been well
established [37]. In this context, the Wnt signaling provides
crucial proliferative signals to immature T cells, which is
supported by studies in mice deficient for the Wnt-responsive
transcription factors TCF1 and LEFI, in which the develop-
ment of T cells and B cells was, respectively, defective [37].

In addition, a canonical Wnt/f-catenin/T cell factor (TCF)
pathway has been shown to regulate T cell differentiation
in both the thymus and in peripheral lymphoid tissues,
and a dysfunction of this pathway at any stage of T cell
differentiation could lead to severe autoimmunity or immune
deficiency [39]. For example, a transcriptome analysis of the
CD4 T cells in rheumatoid revealed an aberrant regulation
of signal transducer and activator of transcription 3 (STAT3)
and Wnt signaling pathways [40]. Moreover, regulatory T
(Treg) cells have an important role in regulation of immunity.
The expression of a stable form of f3-catenin could lead to a
remarked enhancement of survival of CD4"/CD25" Treg cells
in vitro, suggesting that a stabilization of -catenin has an
impact on the prevention of inflammatory disease by enhanc-
ing the survival of existing Treg cells and keeping precursors
of T effector cells unresponsiveness [41]. Inconsistent with a
steady state, an activation of Wnt signaling in an inflamma-
tory condition could repress Treg cell function, which in turn
allowed triggering of an immune response. However, if the
process was uncontrolled, that could lead to the development
of autoimmune responses [42].

B cells are generally recognized for their potential to
mediate humoral immunity by producing different antibody
isotypes and being involved in opsonization and complement
fixation [79]. The Wnt signaling is critical for differentiation
of HSCs into B cells with normal function. Unlike the fact
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FIGURE 2: Noncanonical Wnt signaling pathway (3-catenin-independent Wnt signaling pathway). Noncanonical Wnt ligand (such as the
Wnt5a, a typical noncanonical Wnt) binds to its receptor (Fzd) and coreceptor (Rorl/2) and triggers the noncanonical signaling cascades,
which includes the Wnt/Calcium (Ca*") and Wnt/planar cell polarity (PCP) pathways. In the Wnt/Ca*" pathway (left panel), Wnt protein
binds to Fzd and Ror2 receptor and leads to activate G proteins, resulting in enhancing the intracellular calcium levels, or decreases cGMP;
the calcium/calmodulin-dependent protein kinase II (CaMKII) or protein kinase C (PKC) was then activated. In the Wnt/PCP pathway (right
panel), Wnt proteins bind to Fzd receptors on the cell surface followed by activating Rho/Rac small GTPase and Jun N-terminal kinase (JNK)

to assist with cytoskeletal organization and gene expression.

that there is a compelling study in Wnt-regulated T cell
development, studies in functions of Wnt signaling in B cells
are currently limited, although there are several lines of direct
evidence of aberrant Wnt signals in B cells which were related
to autoimmunity [59, 80, 81]. For example, the Wnt canonical
pathway could induce B-1 cell survival and proliferation by
stimulating the expression of Wnt target genes of c-Myc and
cyclin D1 [59].

Denderitic cells (DCs) are antigen-presenting cells (APCs)
that play an important role in regulating immune responses
and balancing the innate and adaptive immune responses.
However, factors in tissue microenvironments and the sig-
naling networks critical for programming DCs to control the
chronic inflammation and promote the immune tolerance
are unknown. To date, a growing body of evidence suggests
that Wnt signaling pathways are pivotal pieces of the immune
balance and able to directly target DCs [32]. For instance, an
activation of Wnt/3-catenin signaling in DCs was found to be
critical for promoting tolerance and limiting neuroinflamma-
tion in mice with an exacerbated experimental autoimmune
encephalomyelitis, in which the expression of LRP5/6 or f3-
catenin was downregulated in DCs [82]. Noteworthy, such
a decreased LRP5/6-3-catenin-mediated signaling led to an
increased Th1/Th17 cell differentiation but reduced Treg cell
response, owing to the increased production of proinflamma-
tory cytokines and reduction of anti-inflammatory cytokines
such as IL-10 and IL-27 [82]. This finding suggests that an

activation of Wnt/f-catenin signaling could delay experi-
mental autoimmune encephalomyelitis onset and diminished
its CNS pathology [82].

Wnt5a is a noncanonical Wnt signaling ligand, which
has been demonstrated as key player in the pathogenesis
of atherosclerosis and other inflammatory disorders [83].
Consistently, Valencia et al. showed that an increased concen-
tration of Wnt5a in monocytes promoted their differentiation
into unconventional DCs with tolerogenic features in the
inflammatory state and sepsis, in which unconventional DCs
produced scant amounts of IL-12p70 and TNF-« and a reduc-
tion of IL-10. As a consequence, these Wnt5a-DCs have a
reduced capacity to induce Thl responses that promote IL-10
secretion by CD4" T cells [84]. A later study further revealed
that activated DCs which could promote naive CD4" T cells
turn to FoxP3" Tregs in an indoleamine 2,3-dioxygenase-1-
(IDO-) dependent manner and induce an immune tolerance
[85]. For example, both canonical and noncanonical Wnt
ligands can directly stimulate murine intestinal surface DCs
to produce anti-inflammatory cytokines, and canonical Wnt
signaling ligand Wnt3a can activate -catenin signaling and
preferentially induces DC to produce TGF- 8 and VEGE, but
Whnt5a activates noncanonical signaling and induces IL-10
secretion. Hence, Wnt family members regulate DC functions
that may contribute to the balance between tolerance and
inflammation when intestine is exposed to microbe and food
in a mouse model of inflammatory bowel disease [86, 87].
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These studies clearly imply that the Wnt signaling plays a
regulatory role in the homeostasis of immune system.

Given the fact of hyperactivation of immune cells in ADs
[88, 89], an aberrant Wnt signaling activation thus has been
suggested to contribute to the pathogenesis of ADs. Despite
that fact that there are few evidences which directly support
the view that the Wnt singling has an impact on autoimmu-
nity by regulating HSCs, the autoimmunity attributed by a
dysfunction of HSCs is related to a dysregulated Wnt sig-
naling activity. For instance, acetylsalicylic acid (ASA) which
activated stem cells from exfoliated deciduous teeth (SHED)
could significantly improve SHED-mediated osteogenic
differentiation and immunomodulation, increase SHED-
mediated T cell apoptosis, and ameliorate disease phenotypes
in dextran sodium sulfate-induced colitis mice, by upregu-
lating the telomerase reverse transcriptase (TERT)/Wnt/f3-
catenin signaling cascade [90]. Currently, a compelling of
study has demonstrated involvements of Wnt signaling path-
ways in the pathogenesis of ADs (Table 1). Among these,
the pathogenic roles of Wnt pathways in several major ADs
including RA, AS, and SEL have gained an increasing interest.

4. Wnt Signaling as Potential
Biomarkers and Therapeutic Targets in
Autoimmune Diseases

Currently, increasing numbers of studies have demonstrated
involvements of Wnt signaling pathways in the pathogenesis
of ADs (Table 1). Among these, the pathogenic roles of Wnt
pathways in several ADs including RA, AS, and SEL have
gained an increasing interest.

4.1. Wnt Signaling in Rheumatoid Arthritis (RA). RA is
a chronic, debilitating autoimmune disease that results in
inflammation and structural destruction of the joints, which
is probably the results of a combination of genetic and envi-
ronmental factors, and a dysregulation of signaling networks
[91]. With respect to signaling networks, Wnt signaling has
been implicated in the etiology of RA, although the exact
nature of their involvement remains unclear [18, 34, 35].

In patients with RA, Wnt7b is a member of the Wnt gene
family most closely linked to RA, which was significantly
upregulated in RA synovium, along with an increased pro-
duction of inflammatory mediators TNF-«, IL-13, and IL6.
Interestingly, an elevated expression of TNF-«, IL-13, and IL6
was also found in Wnt7b-transfected normal synovial cells;
vice versa, an increased level of the inflammatory mediators in
turn induced the Wnt/Fzd expression, suggesting a potential
involvement of Wnt signaling in the pathobiology of RA
[48]. Additionally, higher levels of Wnt ligands, Fzd receptors,
and Wnt inducible signaling pathway proteins (WISP) were
observed in the synovium of RA patients compared to those
in patients without RA [46, 48]. Interestingly, an activation
of the Wnt/B-catenin signaling in chondrocytes induces
cartilage matrix degradation similar to that which occurs in
osteoarthritis and RA, whereas the blockade of Wnt signaling
facilitates bone erosion and might contribute to the catabolic
model in the bone remodeling observed in RA patients, in

which the canonical Wnt pathway was able to regulate the
expression of fibronectin and metalloproteinase [7, 18].

Functionally, an aberrant expression of Wnt signaling
components has been implicated in promotion of cell growth
and differentiation [46]. In vitro studies have shown that
fibroblast-like synoviocytes (FLS) from patients persistently
expressed high levels of both Wnt5a and Fzd5, suggesting
that an activation of noncanonical Wnt5a/Fzd5 signaling may
contribute to the activated state of FLS in RA, despite the fact
that the constitutive activation of Wnt/Fzd signaling in RA
was independent of an inflammatory environment [46, 92].
Thus, receptor antagonists of Fzd5 have been considered for
the treatment of refractory synovitis [47]. Of note, Miao et
al. recently identified that an increased methyl-CpG-binding
protein 2 (MeCP2) expression led to a reduced expression
of secreted frizzled-related protein 4 (SFRP4), a negative
regulator of Wnt signaling in FLS of arthritic rat model; in
contrast, an addition of 5-Aza-2'-deoxycytidine (5-azadC),
an inhibitor of DNA methyltransferase (DNMT), could
induce the SFRP4 expression. Recently, by using loss and gain
of function experiments in vitro, Miao et al. identified that
the methyl-CpG-binding protein (MeCP2) had a function
on regulation frizzled-related protein 4 (SFRP4) expression
in RA through a mechanism of epigenetic modification of
SFRP4 gene, which could be used as a diagnostic marker
and prognostic indicators of RA [34, 35]. Mechanistically,
a downregulation of MeCP2 resulted in the dissociation of
interaction of Wnt protein and its Fzd receptor by SFRP4, and
the formation of complex of 3-catenin, GSK3p, Axin, CKla,
and APC sequentially led to the f3-catenin phosphorylation
by GSK3p. The phosphorylated -catenin then was degraded
by ubiquitination [34]. In addition, the canonical Wnt/f-
catenin signaling also plays a central role in the bone devel-
opment and homeostasis in adulthood, and a dysregulation
of this signaling is associated with bone pathologies [93].
In this context, dickkopf-1 (DKKI), a soluble inhibitor of
canonical Wnt signaling, which is required for embryonic
head development and regulates Wnt signaling by binding
to the Wnt coreceptor LRP5, which has been implicated in
causes of erosive arthritis, and several preclinical studies have
shown that a neutralizing DKKI and/or enhancing Wnt/f3-
catenin signaling may be an effective therapeutic option in
treatment of bone pathologies [45, 94, 95].

With respect to therapeutic stand point of RA, an inhi-
bition of synovitis has been focused on this disease, since
the imbalance of the osteoblast-osteoclast axis driven by
inflammatory processes is a hallmark of RA pathogenesis,
which leads to an elevated bone resorption by osteoclasts
[96]. However, such a treatment strategy may be not adequate
for damaged bone repairing. Therefore, a regimen with
a combination of such treatments and anti-inflammatory
therapies may be able to stabilize and repair damaged joints
and have the potential to be valuable additions to the armory
of RA treatments [44]. The Wnt signaling has been implicated
in the differentiation of osteoblasts from mesenchymal lin-
eage precursors, and the receptor activator of nuclear factor
xB ligand (RANKL) pathway has also been suggested to
be involved in osteoclast formation by acting on myeloid
progenitor cells [90], along with the fact that Wnt inhibitors
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including the DKK1 and sclerostin may play important roles
in osteoclast dysregulation in RA [95], an inhibition of the
RANKL pathway, or blockade of DKKI and sclerostin and
thus can serve to restore the osteoblast-osteoclast balance and
repair bone erosion in RA joints.

4.2. Wnt Signaling in Ankylosing Spondylitis (AS). AS is
an inflammatory disease that affects the axial skeleton and
the peripheral joints [97]. Although the mechanisms of AS
pathogenesis are not currently fully understood, the Wnt sig-
naling has been recently implicated as a key pathway during
the development of AS, owing to its involvement in bone
morphogenesis and homeostasis by inducing mesenchymal
cells differentiation into the osteoblast lineages [17], which
may play an essential role in the anabolic pattern of joint
remodeling observed in AS and osteoarthritis [7]. Indeed,
aberrant TNF has been suggested to contribute to induce Wnt
inhibitors evoking expression of DKK-1 and sclerostin in AS
[98]. A neutralization of DKK-1 with antibodies exhibited
a reversed phenotype of erosions in several inflammatory
arthritis murine models and altered the phenotype from bony
erosion to proliferation [98]. Furthermore, the blockade of
DKKI1 with this antibody could promote the fusion of the
sacroiliac joints in TNF-engineered AS mouse model [99].
Mechanistically, the TNF-induced release of DKKI1 might
be able to inhibit Wnt signaling, which in turn diminished
osteoprotegerin (OPG) expression and osteoblastogenesis
and increased osteoclast activity and erosion [98]. This notion
was in accordance with the finding of a decreased serum
DKKI in RA patients but not in the AS patients treated with
TNK inhibitors [98]. Pathogenically, the site of inflammation
of AS was found to incorporate first a relative adipose
accumulation and then bone overgrowth in the form of a
syndesmophyte, and an increase of the fat signal in MRI
imaging of the vertebrae after inflammation subsides could
be observed from treatment with a TNF inhibitor [100]. In
this regard, Wnt signaling typically is capable of suppressing
adipocyte adipogenesis [101].

In addition, both sclerostin and DKKI1 have been sug-
gested as biomarkers for disease activity in AS [102], and
patients in the German Spondyloarthritis Inception Cohort
(GESPIC) were higher risk of developing a syndesmophyte
if they had lower levels of circulating functional DKKI1 as
determined in terms of coating the plate with purified LRP6
but not a capture antibody [103]. Interestingly, the amount
of DKKI1 protein was found not to be consistently correlated
with its capacity of binding to the LRP coreceptor in sera of
AS patients, in which the DKKI1 in the sera was less able to
suppress f3-catenin translocation to the nucleus than control
sera, implying that the DKKI1 might be dysfunctional in AS
patients [50].

4.3. Wnt Signaling in Systemic Lupus Erythematosus (SLE).
SLE is an autoimmune disease with multisystem, multiorgan
injury, and productions of a variety of autoantibodies, which
is caused by interactions of genetic and environmental factors
and imbalance of immune system such as the imbalance of T
cells [2]. An aberrant expression of canonical Wnt signaling
related genes HIG2, TCF7, KHSRP, WWP1, SMAD3, TLK2,
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AES, CCNI, and PIM2 was observed in the peripheral
blood CD4" T cells in patients with SLE [104]. These genes
have been demonstrated to play an important role in the
regulation of T cell proliferation and differentiation [39].
A whole genome analysis further revealed that DKK4, an
important inhibitor of Wnt/f3-catenin pathway, was abnormal
in Chinese Han patients with SLE relative to healthy control
cohorts [105]. Consistently, another DKK family member
DKKI1 was found to be significantly higher in the sera of SLE
patients in comparison with controls, which was positively
correlated with their bone erosion, suggesting that DKKI1
might be a valuable biomarker for SLE [106].

The lupus nephritis (LN) is an important part of clinical
manifestation of SLE; the LN MRL/lpr mice exhibited a
phenotype with an enhanced Wnt/f3-catenin activity, accom-
panied by an increased level of DKKI in the renal tissues
and sera and an increased frequency of apoptotic cells of
the renal tubular and renal interstitial tissues [106]. Such
an elevated Wnt signaling activity was further evidenced in
human renal tissues of patients with LN by accessing f-
catenin at both transcriptional and translational levels using
assays including immunohistochemistry staining, qRT-PCR,
and western blotting, suggesting that a dysregulated Wnt/f3-
catenin signaling was related to the pathogenesis of LN and
might play a role in the renal fibrosis [11]. This notion may be
in part supported by findings of low circulating complement
Clq and abundant Clq deposition in LN renal tissues. Indeed,
low levels of circulating complements, including Clq, C3, and
C4, are reported in SLE patients. A recent study demonstrated
that Clq was able to activate the canonical Wnt signaling and
promote aging related gene expression [107]. In SLE and LN
patients, circulating complement Clq level was significantly
reduced, which was correlated with SLE diseases activity
[108]. Intriguingly, in contrast to low level of Clq seen in
sera, an abundant complement Clq deposition was found
in the kidneys of LN patients [108]. As a consequence, the
deposition of Clq might be able to direct the circulating
anti-Clq antibodies that abundantly existed in sera to attack
the renal tissues, which in turn resulted in a deposition of
immune complexes in the glomeruli and renal inflammation
and fibrosis [108]. Together with a capacity of Clq to activate
Wnt f-catenin signaling [107] and evidences of hyperacti-
vated canonical Wnt signaling during lupus development in
mice [8] and in renal biopsy of LN patients [11], these findings
clearly imply that the deposition of Clq may activate Wnt/f3-
catenin signaling in renal, which has a significant implication
in the pathogenesis of LN [11].

The balance of Thl7 and Treg cells is also an impor-
tant implication in the pathogenesis and excessive immune
responses of SLE [109]. Accumulating evidences have sug-
gested that Wnt ligand proteins and signaling effectors play
a critical role in the regulation of Th17 cell differentiation and
function [110]. In this context, the Wnt signaling pathway
inhibitor SFRP1 showed an ability to increase Smad2/3
phosphorylation in CD4" T cells in response to TGF-f
stimulation and sequentially induce Thl7 cell differentia-
tion [111]. In addition, the Wnt signaling can also regulate
Treg cells by regulating the transcriptional activator pro-
tein osteopontin, nuclear receptor subfamily 4, group A,
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member 2 (NR4A2), and a target protein of Wnt/f-catenin
signaling pathway. The NR4A2 can transcriptionally activate
inflammatory cytokines such as TNF-« and IL-1§3 but also
activate Forkhead box P3 (FoxP3) [112, 113]. The FoxP3 is a
crucial transcription factor in Treg cell differentiation and
maintenance and cellular functionality [42].

With regard to the therapeutic implication, recent stud-
ies have shown that allogeneic but not syngeneic bone
marrow- (BM-) mesenchymal stem cell transplantation
(MSCT) appears to be effective in SLE patients and lupus-
prone mice [114]. These findings indicate that the abnor-
malities of BM-MSCs may contribute to the pathogenesis of
SLE. In this regard, BM-MSCs from SLE patients exhibited
characteristics of senescence [115], which might be attributed
to a dysregulated Wnt signaling pathway, as demonstrated
in other stem cell populations [116]. Indeed, such notion
was supported by a recent proof-of-concept study, in which
the investigators examined the impact of Wnt/B-catenin
signaling on the senescence of BM-MSCs from SLE patients
[68]. Intriguingly, both the canonical Wnt signaling and
p53/p21 signaling were hyperactivated in senescent SLE BM-
MSCs. However, SLE BM-MSCs exposed to Wnt pathway
inhibitor DKKI or transduced f-catenin siRNA exhibited
alleviated features of cell senescence, along with a reduced
expression of p53 and p2l, indicating that Wnt/f-catenin
signaling may be a potential target for allogeneic BM-MSC-
mediated cell therapy for SLE [68].

4.4. Wnt Signaling in Systemic Sclerosis (SSc). SSc is a rare
autoimmune disease with high mortality, which is character-
ized by immune hyperactivation along with vascular damage
and an excessive accumulation of extracellular matrix pro-
teins in the skin and internal organs. The antifibrotic therapy
is an available treatment option for fibrotic manifestations
of SSc in clinical settings, whose effects remain borderline,
despite the fact that significant progresses have been made
by the identification of a large number of cellular and
molecular key players in the pathogenesis of fibrotic disease
manifestations in the past decade [54].

An elevated Wnt signaling activity with increased expres-
sion of Wnt signaling components Wntl, Wntl0b, Fzd2,
nuclear B-catenin, and LEF-1 proteins and decreased expres-
sion of DKK2 and WIF-1 in skin fibroblasts was observed
in SSc patients, which were positively correlated with skin
fibrosis [9, 53, 55, 117]. Mice with fibroblast-specific dom-
inant active [3-catenin rapidly developed fibrosis within 2
weeks with dermal thickening, accumulation of collagen, and
differentiation of fibroblasts into myofibroblasts. Conversely,
fibroblast-specific deletion of 3-catenin significantly reduced
bleomycin-induced dermal fibrosis [9]. However, activation
of Wnt/3-catenin signaling by inhibition of mouse fibroblasts
GSK3 using siRNA led to a decreased collagen synthesis
in fibroblasts and alleviated skin thickening in mice [118].
Intriguingly, WIF-1 deficiency in fibroblasts of SSc patients
or knocking down WIF-1 in normal fibroblasts was cor-
related with an increased abundance of S-catenin and the
production of collagen [55]. Mechanistically, the DNA dam-
age checkpoint kinase ataxia telangiectasia mutated (ATM)
could induce WIF-1 silencing via the phosphorylation of

the transcription factor c-Jun, which in turn activated the
expression of the gene encoding activating transcription
factor 3 (ATF3). The ATF3 and c-Jun were recruited together
with histone deacetylase 3 (HDAC3) to the WIF-1 promoter
for repressing WIF-1 expression. In contrast, the of WIF-
1 expression in cultured patient SSc cells could be restored
by preventing the accumulation of reactive oxygen species
(ROS) or inhibiting the activation of ATM, c-Jun, or HDAC:s.
Therefore, together with the fact that HDAC inhibitor tricho-
statin A could prevent WIF-1 decrease, 3-catenin activation,
and collagen accumulation in an experimental fibrosis model,
these studies suggested that the activation of Wnt signaling
might contribute to SSc fibrosis [55].

In addition, an in vitro study further demonstrated that
Wnt3a could induce f3-catenin activation to stimulate fibrob-
last proliferation and migration, collagen gel contraction,
and myofibroblast differentiation, along with an enhanced
expression of profibrotic genes. In contrast, Wnt3a showed
an ability to repress adipogenesis but promote myofibroblast
differentiation in explanted subcutaneous preadipocytes [53].
These studies clearly evidenced that the canonical Wnt
signaling was a key player of fibroblast activation and tissue
fibrosis in SSc. Therefore, approaches and agents targeting
Wnt signaling pathways, including Tankyrase inhibitors,
porcupine inhibitors, and antagonists of cofactor recruitment
to [3-catenin, have been interrogated for their potential of
antifibrotic effect and SSc treatment in animal models and
pulmonary fibrosis models with [119, 120].

4.5. Wnt Signaling in Inflammatory Bowel Disease (IBD). 1BD
is an idiopathic disease caused by a dysregulated immune
response to host intestinal microflora, which involves a group
of chronic inflammation of the colon and small intestine.
IBD primarily includes ulcerative colitis (UC), which causes
long-lasting inflammation and ulcers in colon and rectum,
and Crohn disease (CD), which can cause inflammation in
any segment of the gastrointestinal tract. IBD has a genetic
predisposition, and IBD patients are more prone to develop
intestinal carcinomas [121].

To date, an involvement of Wnt signaling in IBD patho-
genesis has been broadly recognized [122]. Previous stud-
ies have revealed a hyperactivated Wnt signaling with an
aberrant expression of key components of Wnt signaling
cascade, including Wnt2, Wnt5a, Wnt5b, Fzd2, Fzd4, Fzde,
LRP6, Dvl, DKK1, and SFRPI in both UC and CD tissues
[123-125]. Wnt-specific mRNA microarray analysis of Wnt
pathway-related gene expression in human UC demonstrated
that the expression of Wnt2b, Wnt3a, Wnt5b, Wnt6, Wnt7,
Wnt9, Wntll, Fzd3, Fzd4, DKK4, and DvI2 was significantly
increased, but expression of Fzdl and Fzd5 was dramatically
decreased in UC as compared to non-IBD patients [126]. IHC
staining also revealed that the expression of S-catenin and
Whnt-associated cancer genes E-cadherin, cyclin D1, and c-
myc expressions was unregulated in human UC tissues [127].

CD can be characterized a chronic mucosal inflam-
mation with two pertinent features: a specific decrease of
Paneth cell-produced alpha-defensins and the presence of
mucosal-adherent bacteria [33]. Wnt signaling has long been
recognized as a key pathway in small intestinal stem cell
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maintenance and Paneth cell differentiation [128]. A decrease
of Paneth cell alpha-defensins has been reported in CD
patients, which is a primary factor in disease pathogenesis
partially owing to an impaired Wnt signaling caused by
dysfunction of TCF4 and LRP6 [64]. Recently, Beisner et
al. demonstrated that the barrier dysfunction observed in
the disease might be attributed to a reduced expression of
the TCFI in patients, in whom the intestinal TCFl-mediated
Whnt signaling was found to be disturbed [65]. These findings
indicated that the dysfunction of Wnt signaling pathway and
Paneth cell biology is pathophysiological hallmarks CD and
may be potential targets for new therapeutic approaches for
CD [33].

With respect to Wnt signaling in UC, Cosin-Roger et al.
found that M2 but not M1 macrophages were responsible for
activation of Wnt signaling and decrease enterocyte differen-
tiation in cocultured epithelial cells, which was in agreement
with findings in the mucosa of UC patients, in whom an
increased number of M2 macrophages were associated with
the disease chronicity, an activation of epithelial Wnt signal-
ing, and a decreased extent of enterocyte differentiation [129].
Similarly, Sato et al. most recently identified a Wnt5a/Ror2
signaling axis in promoting the signaling circuit of IL12 and
IFN-y in UC by using Wnt5a and Ror2-deficient mice [130].

Mechanistically, the Wnt signaling can mediate mucosal
repair coordinated by M2 macrophages [129]. In this regard,
the signal transducer and activator of transcription 6 (STAT6)
were essential for M2 macrophages to promote mucosal
repair through activation of the Wnt signaling pathway
in 2,4,6-trinitrobenzenesulfonic acid- (TNBSA-) induced
IBD mice [131]. Since genetic mutations of Wnt signaling
molecules, such as APC, are rare in IBD and IBD-associated
neoplasia, epigenetic alterations are major parts contributing
to the dysregulated Wnt signaling activity in IBD. Indeed,
methylation analysis of IBD tissues showed that methylation
in ten Wnt signaling pathway genes, including APCIA, APC2,
SFRPI1, SFRP2, SFRP4, SFRP5, DKK1, DKK3, WIF-1, and
LKBI, was frequent in IBD and IBD-associated neoplasia,
which were associated with the progression of the disease,
suggesting that Wnt signaling components may serve as
biomarkers for IBD and IBD-associated neoplasia [132, 133].
With a therapeutic prospect, interestingly, a recent genome-
wide expression profiling analysis revealed that the intestinal
epithelial canonical Wnt signaling was activated but the
noncanonical Wnt pathways were suppressed in IBD, and a
transplantation of mesenchymal stem cells could suppress the
canonical pathway and induce noncanonical signaling, which
resulted in an inhibition of inflammation in an IBD rat model
[134].

4.6. Wnt Signaling in Other Immune Diseases. An increasing
number of evidences have also uncovered an involvement of
Wht signaling in the pathogenesis of many other types of ADs
(Table 1) [1]. Below are some examples.

Alopecia areata (AA) is an autoimmune disease mani-
fested hair loss, which is caused by a cell-mediated immune
attack of the cycling hair follicle [57]. Impaired Wnt/f3-
catenin has been shown to stagnate anagen initiation and
disable stem cells to differentiation to hair keratinocytes
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rather than epidermal cells instead [135, 136]. The inhibited
‘Wnt/f-catenin activity may be attributed to an upregulation
of canonical Wnt signaling inhibitors and activation of
noncanonical Wnt pathway, leading to an UDP-mediated
B-catenin degradation [5]. These findings are in line with
the evidence of a decreased AA lesional skin with Wntl0b
activated-canonical Wnt signaling [137] and an increased
stemness of hair follicle stem cells induced by a vitamin A-
enhanced Wnt signaling to be activated [57].

Type 1 diabetes mellitus (TIDM) is believed to be an
autoimmune disease where the immune system attacks
pancreatic 3-cells in islets and abolish endogenous insulin
production [138]. An enhanced canonical Wnt signaling by
inhibiting GSK3 showed a potential for the regeneration of
B-cell function and mass in patients with diabetes [70]. In
this regard, both rat INS-1E insulinoma cells and isolated rat
islets treated with GSK3f small molecule inhibitor or siRNA
showed an increased proliferative capacity and resistance to
high concentrations of glucose and the saturated fatty acid
palmitate [70]. In line with this finding, activating Wnt/j3-
catenin signaling by overexpression of Wnt3a could pro-
mote porcine pancreatic stem cells (PSCs) proliferation and
enhance the tolerance of cells to ROS-induced mitochondria
injury and cell apoptosis [139]. These studies suggest that
impaired Wnt pathway may contribute the TIMD pathogen-
esis and an activation of canonical Wnt signaling may have
practical applications in beta cell regenerative therapies for
TIMD.

Psoriasis is a disease characterized by chronic inflam-
mation and altered differentiation and hyperproliferation
of keratinocytes [140]. Wnt5a has been reported to be
upregulated in lesional psoriatic skin as determined by gene
expression and was shown to synergize with type 1 IFNs
(67, 141]. Global gene expression profiling analysis of biopsies
of human psoriatic skins revealed significantly upregulated
Wnt5a transcripts and proteins along with an increased
expression of Fzd2 and Fzd5 but decreased WIF-1 expression.
Interestingly, the expression of Wnt5a could be induced by
IL1x, TNF-a, IFN-y, and TGF-a in cultured keratinocytes. Of
interest, a reduced expression of Axin2 and lack of nuclear f3-
catenin suggested a suppression of canonical Wnt signaling in
lesional skins, implying that the canonical Wnt signaling was
shifted toward noncanonical pathways by activation Wnt5a-
mediated signaling and impaired homeostatic inhibition of
Wnt/-catenin signaling by WIF-1and DKK in psoriasis [67].

5. MicroRNAs Targeting Wnt Signaling
Pathway in Autoimmune Diseases

MicroRNAs (miRNAs) are a class of noncoding, small RNA
molecules found in both prokaryotes and eukaryotes. The
biogenesis of a miRNA is begun from the transcription of the
miRNA gene by RNA polymerase II, to a primary miRNA
(pri-miRNA) containing hundreds of nucleotides length of
RNA with a stem loop structure. The pri-miRNA is then
cleaved by Drosha enzyme from the nonloop end to form
the microRNA precursor (pre-miRNA), a double-stranded
hairpin structure of RNA with 60-70bp in length [142].
The pre-miRNA can be further processed into a matured
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TABLE 2: MicroRNAs target Wnt signaling in autoimmune diseases.
MicroRNA Expression Potential target of Wnt Involvement of autoimmune diseases Reference(s)
component(s)
miR-422a Upregulated Wnt signaling and KLK4 Human LN [72]
miR-449a Upregulated Wnt and NOTCH signaling Human celiac disease (CD) (73]
Downregulating APC to activate Wnt
miR-663 Upregulated Directly targeting APC of Wnt .signa.ling and increase tbe FLS (74]
signaling proliferation and the expression MMP3
and fibronectin in human RA
miR-26b Downregulated Wnt/GSK-3/f3-catenin Alleviating inﬂam@ation agsocigted with (75]
pathway RA by targeting Wnt signaling
. Directly targeting DKKI1 and Regulating TNF-« mediated bone loss in
R-29 D lated Y arseuns guiating 76
m ¢ ownregiiate GSK3p of Wnt signaling human AS (7]
. Indirectly regulating SFRP4 b
R-152 D lated Y regiating Y i 35,77
mi ownregulate targeting DNMTI and MeCP2 Pathogenesis of RA [ ]
miR-375 Downregulated FZDS8 Arthritis synovial fibroblasts of rat ATA (78]

model

AIA: adjuvant-induced arthritis; APC: adenomatous polyposis coli; AS: Ankylosing spondylitis; CD: celiac disease; DNMT: DNA methyltransferase; FLS:
fibroblast-like synoviocytes; FZD8: frizzled 8; KLK4: kallikrein-related peptidase 4; MeCP2: methyl CpG binding protein 2; MMP: matrix metalloprotease;
RA: rheumatoid arthritis; SFRP4: secreted frizzled-related protein 4; TNF-ai: tumor necrosis factor-alpha.

miRNA by the RNasellIl Dicer and ultimately form a RNA-
induced silencing complex (RISC) after it is exported to
the cytoplasm by Exportin-5 [143]. RISC can functionally
inhibit gene expression by binding to the 3'-untranslated
region (3'-UTR) in a target mRNA, which is degraded
if the miRNA:mRNA complex complementarity is perfect,
or the translation is suppressed if the complementarity is
not perfect. A compelling body of studies has evidenced
that miRNAs play a critical role in the regulation of host
genome expression at the posttranscriptional level. Emerging
evidence has shown that aberrant miRNAs influence a wide
range of biological processes including immune cell lineage
commitment, differentiation, maturation, immune home-
ostasis, and normal function, by targeting various signaling
pathways [144].

Recently, an increasing number of studies demonstrate
that miRNA expression is related to various diseases includ-
ing cancer, inflammatory, and autoimmune diseases [145].
Immunologically, miRNAs can regulate the development and
function of immune cells; both a malfunctioned miRNA
biogenesis machinery and a dysregulated expression of miR-
NAs may lead to an abnormal development and differenti-
ation of immune cells and particularly a reduced suppres-
sive function of regulatory T cells, resulting in systemic
autoimmune diseases, such as SLE. Mechanistically, miRNAs
may contribute to the development of various autoimmune
diseases by targeting key components of signaling cascade in
a variety of signaling pathways, including the Wnt pathways
[146]. Indeed, there are several lines of evidence which have
demonstrated immunoregulatory roles of miRNAs in the
pathogenesis of autoimmune diseases through a mechanism
by either directly or indirectly targeting Wnt signaling com-
ponents (Table 2) [35, 72, 76, 78, 147]. There is accumulating
evidence which revealed an important role of miRNAs in
SLE pathogenesis by targeting Wnt signaling, and several
independent microarray analyses have shown a significant

difference of miRNA profiling between SLE patients and
healthy controls. For example, a microRNA profiling analysis
of peripheral blood mononuclear cells (PBMCs) of SLE
patients identified 29 miRNAs that were downregulated in
PBMCs of SLE patients as compared to healthy controls [148].
Pathway analysis further predicted that these miRNAs mainly
targeted signaling pathways involved in diverse signaling
transduction pathways, including the Wnt and mitogen-
activated protein kinase (MAPK) signaling pathways [148].
Consistently, late microRNA profiling study of renal biopsies
in human LN identified 24 miRNAs which were dysregu-
lated (9 upregulated, 15 downregulated) relative to control
renal tissues. Their predicted gene targets of these miRNAs
included pathways associated with Wnt/f3-catenin, TGF-f5,
NF-xB, hepatocyte nuclear factor 4-alpha (HNF4A), and
STAT3. In addition, the kallikrein-related peptidase 4 (KLK4)
was further identified as a target of miR-422a, an upregulated
miRNA in LN tissues [72].

The production of autoantibodies by uncontrolled hyper-
activated B cells is a hallmark of SLE, and the early B cell
factor 1 (EBF1) has been shown to play a key role in the
development, activation, and proliferation of B cells through
the AKT signaling pathway [149], which has recently been
identified as a target of miR-1246 [150]. The miR-1246 thus
may be a novel biological target in SLE treatment [150].

RA is another autoimmune and progressive systemic
disease with high incidence. Recent reports show that altered
expression and function of miRNAs might play an impor-
tant role in the regulation of inflammatory innate immune
responses in RA, which implied therapeutic potentials of
miRNAs for RA. For instance, more abundance of miR-155
transcripts was found in PMBCs of RA patients compared
with normal subjects. In addition, FLS exposed to TNEF-
o showed an upregulated expression of miR-155 and this
miRNA is constitutively more highly expressed in RA FLS
than in synovial fibroblasts of osteoarthritis (OA) patients.
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Functionally, the elevated expression of miR-155 suppressed
the expression of MMP-3 and MMP-1 induced by cytokines
and Toll-like receptor ligands, suggesting that miR-155 might
have an important role in modulation of destructive behav-
ior of RA FLS [151]. The miR-146a was another example,
which also displayed a potential therapeutic effect for RA
by inhibiting the expression of osteoclastogenesis. In vivo
administration of miR-146a mimics by intravenous injection
led to the suppression of cartilage and bone destruction [147].

Recently, a series of investigations conducted by Miao et
al. demonstrated that several miRNAs, including miR-152,
miR-375, and miR-663, were involved in the pathogenesis
of RA by targeting Wnt signaling pathways [35, 74, 77, 78].
Among these, the miR-152 and miR-375 were downregulated,
and the miR-663 was upregulated in RA patients or rat
models. Mechanistically, enforced expression of miRNAs
could indirectly upregulate the SFRP4 expression by targeting
the DNMT1 in FLS, sequentially led to an inhibition of the
canonical Wnt signaling, and results in a significant decrease
of FLS proliferation [77]. miR-152 was specifically downreg-
ulated in arthritic rat model, enforced expression of miR-
152 in FLS which resulted in a significantly downregulated
DNMTI expression, which in turn indirectly upregulated the
SFRP4 expression and sequentially inhibited the canonical
Wnt pathway activation, leading to a remarked decrease
of FLS proliferation [77]. Consistently, miR-375 was also
downregulated in FLS of arthritis rat model; an increased
expression of miR-375 inhibited the canonical Wnt pathway
by directly targeting Fzd8. Functionally, the increased miR-
375 reduced the pathogenesis of arthritis rat model, as
indicated by decreased expression of disease markers, such
as MMP3 and fibronectin. Interestingly, such effect of miR-
375 could be blocked in the presence of an active form of
B-catenin [78]. Using a similar approach, the author further
revealed that miRNA-663 could activate the canonical Wnt
signaling by directly targeting APC [74]. In this context,
the expression of miR-663 was significantly upregulated and
APC expression was decreased in synovium from RA patients
compared with controls. An inhibition of APC expression
could activate canonical Wnt signaling through accumulation
of B-catenin in FLS. Conversely, increasing miR-663 expres-
sion induced the FLS proliferation and the expression MMP3
and fibronectin during disease development [74].

Apart from the RA and SLE, differential expression of
miRNAs participating in Wnt signaling pathways was also
reported in other ADs, such as CD and primary biliary cir-
rhosis (PBC). Capuano et al. quantified 365 human miRNAs
expression in human small intestinal tissues, and 20% of the
examined miRNAs exhibited differential expression between
CD and control children. Bioinformatics analysis predicted
the NOTCHI and f3-catenin signaling were putative targets
of these miRNAs. Furthermore, the NOTCH signaling was
identified as a target of miR-449a in CD [73]. Qin et al. exam-
ined the alteration of miRNA expression profiles in PBMCs
of patients with PBC and validated 6 of the 17 differentially
expressed miRNAs [152]. Bioinformatics analysis further
showed that the potential target genes of these miRNAs were
involved in cell proliferation, cell differentiation, apoptosis,
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and signal transduction through mechanisms by targeting
signaling pathways including the Wnt pathway [152].

6. Concluding Remarks and
Future Perspectives

The Wnt signaling pathway plays a fundamental role in the
embryonic development, cell proliferation, differentiation,
stem cell maintenance, and tissue homeostasis, including
the immune system development and immune regulation.
A large body of study shows that a dysregulated Wnt
signaling may lead to malfunctions of immune system and
develop autoimmune diseases. Equally noteworthy, accumu-
lating evidences have suggested that miRNAs are impor-
tant regulators in pathogenesis of diseases, including the
autoimmune diseases, through a mechanism by targeting
Wnt signaling molecules. Indeed, increasing lines of evidence
have indicated involvements of miRNAs in pathogenesis of
autoimmune diseases by dysregulating Wnt signaling path-
ways, despite the fact that the precise underlying mechanisms
remain unclear.

Although the regulatory roles of both the Wnt signaling
and miRNAs in the pathogenesis of autoimmune diseases
are now recognized, mechanisms by which miRNAs tar-
get Wnt signaling pathways in the autoimmune diseases
remain largely unknown. Particularly, the miRNA expression
profiling analysis of many autoimmune diseases has been
performed, and signaling networks involving the targets of
these miRNAs have also been predicted using bioinformatics
tools. However, these targets need to be validated exper-
imentally and clinically. The knowledge on the sequential
molecular mechanisms of miRNAs targeting Wnt signaling
cascade in autoimmune diseases may thus provide new
diagnostic/prognostic markers and therapeutic targets for
developing novel strategies and/or agents for treatments of
immune diseases, through targeting Wnt signaling pathways.

Abbreviations
AA: Alopecia areata
API: Activator protein 1

APC: Adenomatous polyposis coli
AS: Ankylosing spondylitis

ATF3: Activating transcription factor 3

BM-MSCT: Bone marrow-mesenchymal stem cell
transplantation

CAMK2A: Calcium/calmodulin-dependent protein
kinase II alpha

CD: Crohn’s disease

CIA: Collagen-induced arthritis

CLL: Chronic lymphocytic leukemia

CSNKI1AIL: Casein kinase 1

CTL: Cytotoxic T lymphocytes

Dvll: Disheveled, dsh homolog 1

EAE: Experimental autoimmune
encephalomyelitis

EAU: Experimental autoimmune uveitis

ERU: Equine recurrent uveitis



Journal of Immunology Research

FLS: Fibroblast-like synoviocytes
GSK-3p: Glycogen synthase kinase 3 beta
HDACS3: Histone deacetylase 3

ILs: Interleukins

IPF: Idiopathic pulmonary fibrosis
JRA: Juvenile idiopathic arthritis
MEC:  Mucoepidermoid carcinoma cell
MeCP2: Methyl-CpG-binding protein 2
MS: Multiple sclerosis

LRP: Low-density lipoprotein
receptor-related protein

MSCs:  Mesenchymal stem cells

NF-xB: Nuclear factor-kappa B

NFAT:  Nuclear factor of activated T cells

PBMCs: Peripheral blood mononuclear cells

PGRN: Progranulin

PKC:  Protein kinase C

RA: Rheumatoid arthritis

RANKL: Receptor activator of nuclear
factor-kappa B ligand

RMG:  Retinal Miiller glial cells

RhoA: Ras homolog gene family, member A
SCDH: Spinal cord dorsal horn

SEMCs: Synovial fluid mononuclear cells
SFRP4: Frizzled-related protein 4

SLE: Systemic lupus erythematosus

SSc: Systemic sclerosis

TGEF-B: Transforming growth factor 3

TIDM: Type 1 diabetes mellitus

TNF-a: Tumor necrosis factor alpha

WISP3:  Wntl-inducible signaling pathway
protein 3

UIP: Usual interstitial pneumonia.

Competing Interests

The authors declare that they have no competing interests.

Authors’ Contributions

Juan Shi, Shuhong Chi, Jing Xue, and Jiali Yang collected
references and wrote the draft; Jiali Yang and Feng Li have
drawn the figures; Juan Shi, Shuhong Chi, and Xiaoming Liu
critically revised the paper. All authors read and approved the
final version of the paper. Juan Shi and Shuhong Chi con-
tributed equally to this work.

Acknowledgments

This work was supported by a grant from Natural Science
Foundation of Ningxia (NZ1213) and a starting grant (2009)
from the General Hospital of Ningxia Medical University to
Shuhong Chi.

References

(1] M. Wahren-Herlenius and T. Dérner, “Immunopathogenic
mechanisms of systemic autoimmune disease,” The Lancet, vol.
382, no. 9894, pp. 819-831, 2013.

13

[2] T. Koutsokeras and T. Healy, “Systemic lupus erythematosus
and lupus nephritis,” Nature Reviews Drug Discovery, vol. 13, no.
3, pp. 173-174, 2014,

[3] R. A. Benson, J. M. Brewer, and A. M. Platt, “Mechanisms of
autoimmunity in human diseases: a critical review of current
dogma,” Current Opinion in Rheumatology, vol. 26, no. 2, pp.
197-203, 2014.

[4] M. D. Rosenblum, K. A. Remedios, and A. K. Abbas, “Mech-
anisms of human autoimmunity;” Journal of Clinical Investiga-
tion, vol. 125, no. 6, pp. 2228-2233, 2015.

[5] R. Nusse, “Cell signalling: disarming Wnt,” Nature, vol. 519, no.
7542, pp. 163-164, 2015.

[6] S. M. Hauck, E Hofmaier, J. Dietter et al., “Label-free LC-
MSMS analysis of vitreous from autoimmune uveitis reveals a
significant decrease in secreted Wnt signalling inhibitors DKK3
and SFRP2;” Journal of Proteomics, vol. 75, no. 14, pp. 4545-4554,
2012.

[7]1 G. Schett, J. Zwerina, and J.-P. David, “The role of Wnt proteins
in arthritis,” Nature Clinical Practice Rheumatology, vol. 4, no. 9,
pp. 473-480, 2008.

[8] A.A.Tveitaand O. P. Rekvig, “Alterations in Wnt pathway activ-
ity in mouse serum and kidneys during lupus development,”
Arthritis and Rheumatism, vol. 63, no. 2, pp. 513-522, 2011.

[9] C. Beyer, A. Schramm, A. Akhmetshina et al., “B-catenin is
a central mediator of pro-fibrotic Wnt signaling in systemic
sclerosis,” Annals of the Rheumatic Diseases, vol. 71, no. 5, pp.
761-767, 2012.

[10] R. T. Moon, A. D. Kohn, G. V. De Ferrari, and A. Kaykas,
“WNT and f3-catenin signalling: diseases and therapies,” Nature
Reviews Genetics, vol. 5, no. 9, pp. 691-701, 2004.

[11] X.-D. Wang, X.-E. Huang, Q.-R. Yan, and C.-D. Bao, “Aberrant
activation of the WNT/B-catenin signaling pathway in lupus
nephritis,” PLoS ONE, vol. 9, no. 1, Article ID e84852, 2014.

[12] S. Yuan, Y. Shi, and S.-J. Tang, “Wnt signaling in the patho-
genesis of multiple sclerosis-associated chronic pain,” Journal of
Neuroimmune Pharmacology, vol. 7, no. 4, pp. 904-913, 2012.

[13] Y. Komiya and R. Habas, “Wnt signal transduction pathways,”
Organogenesis, vol. 4, no. 2, pp. 68-75, 2008.

(14] K. Yang, X. Wang, H. Zhang et al, “The evolving roles of
canonical WNT signaling in stem cells and tumorigenesis:
implications in targeted cancer therapies,” Laboratory Investiga-
tion, vol. 96, no. 2, pp. 116-136, 2016.

[15] D. Tai, K. Wells, J. Arcaroli et al., “Targeting the WNT signaling
pathway in cancer therapeutics,” Oncologist, vol. 20, no. 10, pp.
1189-1198, 2015.

[16] Y. E Xiao, X. Yong, B. Tang et al., “Notch and Wnt signaling
pathway in cancer: crucial role and potential therapeutic targets
(review),” International Journal of Oncology , vol. 48, no. 2, pp.
437-449, 2015.

[17] M. Corr, “Wnt signaling in ankylosing spondylitis,” Clinical
Rheumatology, vol. 33, no. 6, pp. 759-762, 2014.

[18] M. Sen,J. Reifert, K. Lauterbach et al., “Regulation of fibronectin
and metalloproteinase expression by Wnt signaling in rheuma-
toid arthritis synoviocytes,” Arthritis and Rheumatism, vol. 46,
no. 11, pp. 2867-2877, 2002.

[19] J. Wei, D. Melichian, K. Komura et al., “Canonical Wnt signaling
induces skin fibrosis and subcutaneous lipoatrophy: a novel
mouse model for scleroderma?” Arthritis and Rheumatism, vol.
63, no. 6, pp. 1707-1717, 2011.

[20] A. Tury, K. Tolentino, and Y. Zou, “Altered expression of
atypical PKC and Ryk in the spinal cord of a mouse model of



14

amyotrophic lateral sclerosis,” Developmental Neurobiology, vol.
74, no. 8, pp. 839-850, 2014.

[21] K. Tamai, M. Semenov, Y. Kato et al., “LDL-receptor-related
proteins in Wnt signal transduction,” Nature, vol. 407, no. 6803,
pp- 530-535, 2000.

[22] R. T. Moon, B. Bowerman, M. Boutros, and N. Perrimon, “The
promise and perils of Wnt signaling through 3-catenin,” Science,
vol. 296, no. 5573, pp. 1644-1646, 2002.

[23] C. Niehrs, “The complex world of WNT receptor signalling;”
Nature Reviews Molecular Cell Biology, vol. 13, no. 12, pp. 767-
779, 2012.

[24] E. GOmez-Orte, B. Sdenz-Narciso, S. Moreno, and J. Cabello,
“Multiple functions of the noncanonical Wnt pathway,” Trends
in Genetics, vol. 29, no. 9, pp. 545-553, 2013.

[25] M. T. Veeman, J. D. Axelrod, and R. T. Moon, “A second canon:
functions and mechanisms of f-catenin-independent Wnt
signaling,” Developmental Cell, vol. 5, no. 3, pp. 367-377, 2003.

[26] A. Kikuchi, H. Yamamoto, A. Sato, and S. Matsumoto, “New
insights into the mechanism of Wnt signaling pathway activa-
tion,” International Review of Cell and Molecular Biology, vol.
291, pp. 21-71, 2011

[27] T. Malinauskas and E. Y. Jones, “Extracellular modulators of
Wnt signalling,” Current Opinion in Structural Biology, vol. 29,
pp. 77-84, 2014.

[28] C.Niehrs, “Function and biological roles of the Dickkopf family
of Wnt modulators,” Oncogene, vol. 25, no. 57, pp. 7469-7481,
2006.

[29] B. Mao and C. Niehrs, “Kremen2 modulates Dickkopf2 activity
during Wnt/LRP6 signaling,” Gene, vol. 302, no. 1-2, pp. 179-183,
2003.

[30] L. Liang, H. He, R. Lv et al., “Preliminary mechanism on the
methylation modification of Dkk-1 and Dkk-3 in hepatocellular
carcinoma,” Tumor Biology, vol. 36, no. 2, pp. 1245-1250, 2015.

[31] L. Gattinoni, X.-S. Zhong, D. C. Palmer et al., “Wnt signaling
arrests effector T cell differentiation and generates CD8" mem-
ory stem cells,” Nature Medicine, vol. 15, no. 7, pp. 808-813, 2009.

[32] D. Swafford and S. Manicassamy, “Wnt signaling in dendritic
cells: its role in regulation of immunity and tolerance,” Discovery
Medicine, vol. 19, no. 105, pp. 303-310, 2015.

[33] M. ]J. Koslowski, Z. Teltschik, J. Beisner et al., “Association of a
functional variant in the wnt co-receptor LRP6 with early onset
ileal Crohn’s disease,” PLoS Genetics, vol. 8, no. 2, Article ID
€1002523, 2012.

[34] C.-G. Miao, C. Huang, Y. Huang et al, “MeCP2 modulates
the canonical Wnt pathway activation by targeting SFRP4 in
rheumatoid arthritis fibroblast-like synoviocytes in rats,” Cellu-
lar Signalling, vol. 25, no. 3, pp. 598-608, 2013.

[35] C. G. Miao, D. Qin, C. L. Du et al,, “DNMTI activates the
canonical Wnt signaling in rheumatoid arthritis model rats via a
crucial functional crosstalk between miR-152 and the DNMT],
MeCP2; International Immunopharmacology, vol. 28, no. 1, pp.
344-353, 2015.

[36] A. Ahmadzadeh, F. Norozi, S. Shahrabi, M. Shahjahani, and N.
Saki, “Wnt/f-catenin signaling in bone marrow niche,” Cell and
Tissue Research, vol. 363, no. 2, pp. 321-335, 2016.

[37] EJ. T. Staal, T. C. Luis, and M. M. Tiemessen, “WNT signalling
in the immune system: WNT is spreading its wings,” Nature
Reviews Immunology, vol. 8, no. 8, pp. 581-593, 2008.

[38] B. M. Abidin, E. O. Kwarteng, and K. M. Heinonen, “Frizzled-6
regulates hematopoietic stem/progenitor cell survival and self-
renewal,” Journal of Immunology, vol. 195, no. 5, pp. 2168-2176,
2015.

Journal of Immunology Research

[39] J. Ma, R. Wang, X. Fang, and Z. Sun, “B-catenin/TCF-1 pathway
in T cell development and differentiation,” Journal of Neuroim-
mune Pharmacology, vol. 7, no. 4, pp. 750-762, 2012.

[40] H. Ye, J. Zhang, J. Wang et al., “CD4 T-cell transcriptome
analysis reveals aberrant regulation of STAT3 and Wnt signaling
pathways in rheumatoid arthritis: evidence from a case-control
study;” Arthritis Research and Therapy, vol. 17, article 76, 2015.

[41] Y. Ding, S. Shen, A. C. Lino, M. A. Curotto De Lafaille, and J.
J. Lafaille, “Beta-catenin stabilization extends regulatory T cell
survival and induces anergy in nonregulatory T cells,” Nature
Medicine, vol. 14, no. 2, pp. 162-169, 2008.

[42] J. vanLoosdregt, V. Fleskens, M. Tiemessen et al., “Canonical
WNT signaling negatively modulates regulatory T cell func-
tion,” Immunity, vol. 39, no. 2, pp. 298-310, 2013.

[43] S. Kotake and Y. Nanke, “Effect of TNF« on osteoblastogenesis
from mesenchymal stem cells,” Biochimica et Biophysica Acta—
General Subjects, vol. 1840, no. 3, pp. 1209-1213, 2014.

[44] Y. Choi, J. R. Arron, and M. J. Townsend, “Promising bone-
related therapeutic targets for rheumatoid arthritis,” Nature
Reviews Rheumatology, vol. 5, no. 10, pp. 543-548, 2009.

[45] J.]. Pinzone, B. M. Hall, N. K. Thudi et al., “The role of Dickkopf-
1 in bone development, homeostasis, and disease,” Blood, vol.
113, no. 3, pp. 517-525, 2009.

[46] H. Cheon, D. L. Boyle, and G. S. Firestein, “Wntl inducible
signaling pathway protein-3 regulation and microsatellite struc-
ture in arthritis,” Journal of Rheumatology, vol. 31, no. 11, pp.
2106-2114, 2004.

[47] M. Sen, M. Chamorro, J. Reifert, M. Corr, and D. A. Carson,
“Blockade of Wnt-5A/Frizzled 5 signaling inhibits rheumatoid
synoviocyte activation,” Arthritis and Rheumatism, vol. 44, no.
4, pp. 772-781, 2001.

[48] Y. Nakamura, M. Nawata, and S. Wakitani, “Expression profiles

and functional analyses of Wnt-related genes in human joint

disorders,” American Journal of Pathology, vol. 167, no. 1, pp. 97-

105, 2005.

S. Roser-Page, T. Vikulina, M. Zayzafoon, and M. N. Weitz-

mann, ‘CTLA-4Ig-induced T cell anergy promotes Wnt-10b

production and bone formation in a mouse model,” Arthritis

and Rheumatology, vol. 66, no. 4, pp. 990-999, 2014.

[50] D.Daoussis, S.-N. C. Liossis, E. E. Solomou et al., “Evidence that
DKkk-1is dysfunctional in ankylosing spondylitis,” Arthritis and
Rheumatism, vol. 62, no. 1, pp. 150-158, 2010.

[51] A. Briolay, P. Lencel, L. Bessueille, J. Caverzasio, R. Buchet,

and D. Magne, “Autocrine stimulation of osteoblast activity by

Whnt5a in response to TNF-« in human mesenchymal stem

cells;” Biochemical and Biophysical Research Communications,

vol. 430, no. 3, pp. 1072-1077, 2013.

S. Assassi and M. D. Mayes, “What does global gene expression

profiling tell us about the pathogenesis of systemic sclerosis?”

Current Opinion in Rheumatology, vol. 25, no. 6, pp. 686691,

2013.

[53] J. Wei, E Fang, A. P. Lam et al., “Wnt/f-catenin signaling
is hyperactivated in systemic sclerosis and induces Smad-
dependent fibrotic responses in mesenchymal cells,” Arthritis
and Rheumatism, vol. 64, no. 8, pp. 2734-2745, 2012.

[54] M. Antic, J. H. W. Distler, and O. Distler, “Treating skin and

lung fibrosis in systemic sclerosis: a future filled with promise?”

Current Opinion in Pharmacology, vol. 13, no. 3, pp. 455-462,

2013.

S. Svegliati, G. Marrone, A. Pezone et al., “Oxidative DNA dam-

age induces the ATM-mediated transcriptional suppression of

(49

(52

o
)



Journal of Immunology Research

[56]

(58]

(59]

(61]

[63]

(6]

the Wnt inhibitor WIF-1 in systemic sclerosis and fibrosis,”
Science Signaling, vol. 7, no. 341, p. ra84, 2014.

J. Huelsken, R. Vogel, B. Erdmann, G. Cotsarelis, and W. Birch-
meier, “B-Catenin controls hair follicle morphogenesis and
stem cell differentiation in the skin,” Cell, vol. 105, no. 4, pp. 533-
545, 2001.

L. Suo, J. P. Sundberg, and H. B. Everts, “Dietary vitamin A
regulates wingless-related MMTYV integration site signaling to
alter the hair cycle,” Experimental Biology and Medicine, vol.
240, no. 5, pp. 618-623, 2015.

T. Fukuda, L. Chen, T. Endo et al., “Antisera induced by infu-
sions of autologous Ad-CD154-leukemia B cells identify ROR1
as an oncofetal antigen and receptor for Wnt5a,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 105, no. 8, pp. 3047-3052, 2008.

M. C. T. Novo, L. Osugui, V. O. dos Reis, I. M. Longo-Maugéri,
M. Mariano, and A. F. Popi, “Blockage of Wnt/3-catenin signal-
ing by quercetin reduces survival and proliferation of B-1 cells
in vitro,” Immunobiology, vol. 220, no. 1, pp. 60-67, 2015.

P-P. Li, L.-L. Feng, N. Chen et al., “Metadherin contributes
to the pathogenesis of chronic lymphocytic leukemia partially
through Wnt/-catenin pathway;” Medical Oncology, vol. 32, no.
2, p. 479, 2015.

Q. M. Yao, P. P. Li, S. M. Liang et al., “Methylprednisolone
suppresses the Wnt signaling pathway in chronic lymphocytic
leukemia cell line MEC-1 regulated by LEF-1 expression,” Inter-
national Journal of Clinical and Experimental Pathology, vol.
8, no. 7, pp. 7921-7928, 2015.

E Wei, Y. Zhang, W. Zhao, X. Yu, and C.-J. Liu, “Progranulin
facilitates conversion and function of regulatory T cells under
inflammatory conditions,” PLoS ONE, vol. 9, no. 11, Article ID
el12110, 2014.

C.von Toerne, C. Sieg, U. Kaufmann, M. Diedrichs-Méhring, P.
J. Nelson, and G. Wildner, “Effector T cells driving monophasic
vs. relapsing/remitting experimental autoimmune uveitis show
unique pathway signatures,” Molecular Immunology, vol. 48, no.
1-3, pp. 272-280, 2010.

M. J. Koslowski, I. Kiibler, M. Chamaillard et al., “Genetic
variants of Wnt transcription factor TCF-4 (TCF7L2) putative
promoter region are associated with small intestinal Crohn’s
disease,” PLoS ONE, vol. 4, no. 2, Article ID e4496, 2009.

]. Beisner, Z. Teltschik, M. J. Ostaff et al., “TCF-1-mediated Wnt
signaling regulates Paneth cell innate immune defense effectors
HD-5 and -6: implications for Crohn’s disease,” American
Journal of Physiology-Gastrointestinal and Liver Physiology, vol.
307, no. 5, pp. G487-G498, 2014.

J. R. Calabrese, A. D. Gulledge, K. Hahn et al., “Autoimmune
thyroiditis in manic-depressive patients treated with lithium,”
The American Journal of Psychiatry, vol. 142, no. 11, pp. 1318-1321,
1985.

J. E. Gudjonsson, A. Johnston, S. W. Stoll et al., “Evidence for
altered Wnt signaling in psoriatic skin,” Journal of Investigative
Dermatology, vol. 130, no. 7, pp. 1849-1859, 2010.

Z.Gu, W. Tan, G. Feng et al., “Wnt/ -catenin signaling mediates
the senescence of bone marrow-mesenchymal stem cells from
systemic lupus erythematosus patients through the p53/p21
pathway;” Molecular and Cellular Biochemistry, vol. 387, no. 1-2,
pp. 27-37, 2014.

R. Mussmann, M. Geese, E. Harder et al., “Inhibition of GSK3
promotes replication and survival of pancreatic beta cells,
Journal of Biological Chemistry, vol. 282, no. 16, pp. 12030-12037,
2007.

(70]

(72]

(74]

[75]

(77]

(78]

(83]

(84]

15

W. Wang, J. R. Walker, X. Wang et al., “Identification of small-
molecule inducers of pancreatic f3-cell expansion,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 106, no. 5, pp. 1427-1432, 2009.

L. J. Vuga, A. Ben-Yehudah, E. Kovkarova-Naumovski et al.,
“WNT5A is a regulator of fibroblast proliferation and resistance
to apoptosis,” American Journal of Respiratory Cell and Molecu-
lar Biology, vol. 41, no. 5, pp. 583-589, 2009.

E. Krasoudaki, A. Banos, E. Stagakis et al., “Micro-RNA analysis
of renal biopsies in human lupus nephritis demonstrates up-
regulated miR-422a driving reduction of kallikrein-related
peptidase 4,” Nephrology Dialysis Transplantation, 2015.

M. Capuano, L. Iaffaldano, N. Tinto et al.,, “MicroRNA-449a
overexpression, reduced NOTCHI signals and scarce goblet
cells characterize the small intestine of celiac patients,” PLoS
ONE, vol. 6, no. 12, Article ID 29094, 2011.

C.-G. Miao, W.-]. Shi, Y.-Y. Xiong et al, “MicroRNA-663
activates the canonical Wnt signaling through the adenomatous
polyposis coli suppression,” Immunology Letters, vol. 166, no. 1,
pp. 45-54, 2015.

J. Sun, P. Yan, Y. Chen et al., “MicroRNA-26b inhibits cell
proliferation and cytokine secretion in human RASF cells via
the Wnt/GSK-3 [/ -catenin pathway,” Diagnostic Pathology, vol.
10, article 72, 2015.

C. Li, P. Zhang, and J. Gu, “miR-29a modulates tumor necrosis
factor-a-induced osteogenic inhibition by targeting Wnt antag-
onists,” Development Growth and Differentiation, vol. 57, no. 3,
pp. 264-273, 2015.

C.-G. Miao, Y.-Y. Yang, X. He et al., “MicroRNA-152 modu-
lates the canonical Wnt pathway activation by targeting DNA
methyltransferase 1 in arthritic rat model,” Biochimie, vol. 106,
pp. 149-156, 2014.

C.-G. Miao, W.-]. Shi, Y.-Y. Xiong et al., “MiR-375 regulates
the canonical Wnt pathway through FZD8 silencing in arthritis
synovial fibroblasts,” Immunology Letters, vol. 164, no. 1, pp. 1-
10, 2015.

Y. Bao and X. Cao, “The immune potential and immunopathol-
ogy of cytokine-producing B cell subsets: a comprehensive
review;” Journal of Autoimmunity, vol. 55, no. 1, pp. 10-23, 2014.
Y. Tokuda, M. Tanaka, T. Yagi, and K. Tashiro, “The defect
of SFRP2 modulates an influx of extracellular calcium in B
lymphocytes,” BMC Research Notes, vol. 7, article 780, 2014.
S.Muralidharan, P.J. Hanley, E. Liu et al., “Activation of Wnt sig-
naling arrests effector differentiation in human peripheral and
cord blood-derived T lymphocytes,” Journal of Immunology, vol.
187, no. 10, pp. 5221-5232, 2011.

A. Suryawanshi, I. Manoharan, Y. Hong et al., “Canonical
Wnt signaling in dendritic cells regulates Thl/Th17 responses
and suppresses autoimmune neuroinflammation,” Journal of
Immunology, vol. 194, no. 7, pp. 3295-3304, 2015.

P. M. Bhatt and R. Malgor, “Wnt5a: a player in the patho-
genesis of atherosclerosis and other inflammatory disorders,”
Atherosclerosis, vol. 237, no. 1, pp. 155-162, 2014.

J. Valencia, C. Hernandez-Lépez, V. G. Martinez et al., “Wnt5a
skews dendritic cell differentiation to an unconventional phe-
notype with tolerogenic features,” Journal of Immunology, vol.
187, no. 8, pp. 4129-4139, 2011.

A. Holtzhausen, F. Zhao, K. S. Evans et al., “Melanoma-derived
Whnt5a promotes local dendritic-cell expression of IDO and
immunotolerance: opportunities for pharmacologic enhance-
ment of immunotherapy;” Cancer Immunology Research, vol. 3,
no. 9, pp. 1082-1095, 2015.



16

(86]

(87]

(88]

[90]

[94]

[95]

[96]

(100]

[101]

C. Oderup, M. LaJevic, and E. C. Butcher, “Canonical and
noncanonical Wnt proteins program dendritic cell responses for
tolerance,” Journal of Immunology, vol. 190, no. 12, pp. 6126—
6134, 2013.

S. Manicassamy, B. Reizis, R. Ravindran et al., “Activation of -
catenin in dendritic cells regulates immunity versus tolerance
in the intestine,” Science, vol. 329, no. 5993, pp. 849-853, 2010.
J. Wienke, W. Janssen, R. Scholman et al., “A novel human
STAT3 mutation presents with autoimmunity involving Th17
hyperactivation,” Oncotarget, vol. 6, no. 24, pp. 20037-20042,
2015.

C. Lamagna, P. Scapini, J. A. Van Ziffle, A. L. DeFranco, and C.
A. Lowell, “Hyperactivated MyD88 signaling in dendritic cells,
through specific deletion of Lyn kinase, causes severe autoim-
munity and inflammation,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 110, no. 35, pp.
E3311-E3320, 2013.

W. Liu and X. Zhang, “Receptor activator of nuclear factor-«B
ligand (RANKL)/RANK/osteoprotegerin system in bone and
other tissues (Review),” Molecular Medicine Reports, vol. 11, no.
5, pp. 3212-3218, 2015.

E. Salt and L. Crofford, “Rheumatoid arthritis: new treatments,
better outcomes,” Nurse Practitioner, vol. 37, no. 11, pp. 16-22,
2012.

M. Sen, K. Lauterbach, H. El-Gabalawy, G. S. Firestein, M. Corr,
and D. A. Carson, “Expression and function of wingless and
frizzled homologs in rheumatoid arthritis,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 97, no. 6, pp. 2791-2796, 2000.

Z. Zhong, N. J. Ethen, and B. O. Williams, “WNT signaling
in bone development and homeostasis,” Wiley Interdisciplinary
Reviews: Developmental Biology, vol. 3, no. 6, pp. 489-500, 2014.
C.-G. Miao, Y.-Y. Yang, X. He et al., “Wnt signaling pathway
in rheumatoid arthritis, with special emphasis on the different
roles in synovial inflammation and bone remodeling,” Cellular
Signalling, vol. 25, no. 10, pp. 2069-2078, 2013.

D. Daoussis and A. P. Andonopoulos, “The emerging role of
Dickkopf-1 in bone biology: is it the main switch controlling
bone and joint remodeling?” Seminars in Arthritis and Rheuma-
tism, vol. 41, no. 2, pp- 170-177, 2011.

D. E. Furst and P. Emery, “Rheumatoid arthritis pathophysi-
ology: update on emerging cytokine and cytokine-associated
cell targets,” Rheumatology, vol. 53, no. 9, Article ID ket414, pp.
1560-1569, 2014.

J. Braun and J. Sieper, “Therapy of ankylosing spondylitis and
other spondyloarthritides: established medical treatment, anti-
TNF-« therapy and other novel approaches,” Arthritis Research,
vol. 4, no. 5, pp. 307-321, 2002.

D. Diarra, M. Stolina, K. Polzer et al., “Dickkopf-1 is a master
regulator of joint remodeling,” Nature Medicine, vol. 13, no. 2,
pp. 156-163, 2007.

S. Uderhardt, D. Diarra, J. Katzenbeisser et al., “Blockade of
Dickkopf (DKK)-1 induces fusion of sacroiliac joints,” Annals
of the Rheumatic Diseases, vol. 69, no. 3, pp. 592-597, 2010.

Z. Hu, M. Xu, Q. Li et al., “Adalimumab significantly reduces
inflammation and serum DKK-1 level but increases fatty
deposition in lumbar spine in active ankylosing spondylitis,”
International Journal of Rheumatic Diseases, vol. 15, no. 4, pp.
358-365, 2012.

S. E. Ross, N. Hemati, K. A. Longo et al., “Inhibition of

>

adipogenesis by Wnt signaling,” Science, vol. 289, no. 5481, pp.
950-953, 2000.

[102]

[103]

[104]

(105]

(106]

[107]

(108]

(109]

[110]

[111]

[112]

[113]

[114]

(115]

[116]

[117]

Journal of Immunology Research

S.-R. Kwon, M.-J. Lim, C.-H. Suh et al., “Dickkopf-1 level is
lower in patients with ankylosing spondylitis than in healthy
people and is not influenced by anti-tumor necrosis factor ther-
apy;,” Rheumatology International, vol. 32, no. 8, pp. 25232527,
2012.

G. R. Heiland, H. Appel, D. Poddubnyy et al., “High level of
functional dickkopf-1 predicts protection from syndesmophyte
formation in patients with ankylosing spondylitis,” Annals of the
Rheumatic Diseases, vol. 71, no. 4, pp. 572-574, 2012.

Y. J. Deng, Z. X. Huang, C. J. Zhou et al., “Gene profiling
involved in immature CD4" T lymphocyte responsible for
systemic lupus erythematosus,” Molecular Immunology, vol. 43,
no. 9, pp. 1497-1507, 2006.

Y.-J. Sheng, J.-P. Gao, J. Li et al., “Follow-up study identifies two
novel susceptibility loci PRKCB and 8pl1.21 for systemic lupus
erythematosus,” Rheumatology, vol. 50, no. 4, pp. 682-688, 2011.

L. Long, Y. Liu, S. Wang et al., “Dickkopf-1 as potential
biomarker to evaluate bone erosion in systemic lupus erythe-
matosus,” Journal of Clinical Immunology, vol. 30, no. 5, pp. 669
675, 2010.

A. T. Naito, T. Sumida, S. Nomura et al., “Complement Clq
activates canonical Wnt signaling and promotes aging-related
phenotypes,” Cell, vol. 149, no. 6, pp. 1298-1313, 2012.

Y. Tan, D. Song, L.-H. Wu, E. Yu, and M.-H. Zhao, “Serum
levels and renal deposition of Clq complement component and
its antibodies reflect disease activity of lupus nephritis,” BMC
Nephrology, vol. 14, no. 1, article 63, 2013.

D. Wang, S. Huang, X. Yuan et al, “The regulation of the
Treg/Th17 balance by mesenchymal stem cells in human sys-
temic lupus erythematosus,” Cellular and Molecular Immunol-
ogy, 2015.

T. Yamaza, A. Kentaro, C. Chen et al., “Immunomodulatory
properties of stem cells from human exfoliated deciduous teeth,”
Stem Cell Research and Therapy, vol. 1, no. 1, article 5, 2010.

Y.-S. Lee, K.-A. Lee, H.-B. Yoon et al., “The Wnt inhibitor
secreted frizzled-related protein 1 (sFRP1) promotes human
Th17 differentiation,” European Journal of Immunology, vol. 42,
no. 10, pp. 2564-2573, 2012.

H. S. Bandukwala and A. Rao, “Nurriishing Treg cells:
Nr4a transcription factors control Foxp3 expression,” Nature
immunology, vol. 14, no. 3, pp. 201-203, 2013.

H. Kitagawa, W. J. Ray, H. Glantschnig et al., “A regulatory
circuit mediating convergence between Nurrl transcriptional
regulation and Wnt signaling,” Molecular and Cellular Biology,
vol. 27, no. 21, pp. 7486-7496, 2007.

E. W. Choi, H. W. Lee, S. Shin et al., “Comparative efficacies of
long-term serial transplantation of syngeneic, allogeneic, xeno-
geneic, or CTLA4Ig overproducing xenogeneic adipose tissue-
derived mesenchymal stem cells on murine systemic lupus
erythematosus,” Cell Transplantation, 2015.

N. Che, X. Li, L. Zhang et al., “Impaired B cell inhibition
by lupus bone marrow mesenchymal stem cells is caused by
reduced CCI2 expression,” Journal of Immunology, vol. 193, no.
10, pp. 5306-5314, 2014.

S. Fujimaki, T. Wakabayashi, T. Takemasa et al., “The regulation
of stem cell aging by Wnt signaling,” Histology and Histopathol-
0gy, vol. 30, no. 12, pp. 1411-1430, 2015.

E. Leah, “Connective tissue diseases: epigenetic silencing of Wnt

inhibition in systemic sclerosis,” Nature Reviews Rheumatology,
vol. 9, no. 7, p. 384, 2013.



Journal of Immunology Research

[118]

[119]

[120

[121]

(122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

C. Bergmann, A. Akhmetshina, C. Dees et al., “Inhibition of
glycogen synthase kinase 3§ induces dermal fibrosis by acti-
vation of the canonical Wnt pathway,” Annals of the Rheumatic
Diseases, vol. 70, no. 12, pp. 2191-2198, 2011.

A. Distler, L. Deloch, J. Huang et al., “Inactivation of tankyrases
reduces experimental fibrosis by inhibiting canonical Wnt
signalling,” Annals of the Rheumatic Diseases, vol. 72, no. 9, pp.
1575-1580, 2013.

M. Koénigshoff, M. Kramer, N. Balsara et al., “WNT1-inducible
signaling protein-1 mediates pulmonary fibrosis in mice and is
upregulated in humans with idiopathic pulmonary fibrosis,” The
Journal of Clinical Investigation, vol. 119, no. 4, pp. 772-787, 2009.

E. G. Quetglas, “Update on pathogenesis and predictors of
response of therapeutic strategies used in inflammatory bowel
disease,” World Journal of Gastroenterology, vol. 21, no. 44, p.
12519, 2015.

M. M. H. Claessen, M. E. I. Schipper, B. Oldenburg, P. D.
Siersema, G. J. A. Offerhaus, and E. P. Vleggaar, “WNT-pathway
activation in IBD-associated colorectal carcinogenesis: poten-
tial biomarkers for colonic surveillance,” Cellular Oncology, vol.
32, no. 4, pp. 303-310, 2010.

T. Tuller, S. Atar, E. Ruppin, M. Gurevich, and A. Achiron,
“Common and specific signatures of gene expression and
protein-protein interactions in autoimmune diseases,” Genes
and Immunity, vol. 14, no. 2, pp. 67-82, 2013.

G. Rogler, “Chronic ulcerative colitis and colorectal cancer;’
Cancer Letters, vol. 345, no. 2, pp. 235-241, 2014.

K. R. Hughes, E. Sablitzky, and Y. R. Mahida, “Expression profil-
ing of Wnt family of genes in normal and inflammatory bowel
disease primary human intestinal myofibroblasts and normal
human colonic crypt epithelial cells,” Inflammatory Bowel
Diseases, vol. 17, no. 1, pp. 213-220, 2011.

J. You, A. V. Nguyen, C. G. Albers, E. Lin, and R. E Holcombe,
“Wnt pathway-related gene expression in inflammatory bowel
disease,” Digestive Diseases and Sciences, vol. 53, no. 4, pp. 1013-
1019, 2008.

H. van Dekken, J. C. Wink, K. J. Vissers et al., “Wnt pathway-
related gene expression during malignant progression in ulcera-
tive colitis,” Acta Histochemica, vol. 109, no. 4, pp. 266-272, 2007.

M. Gersemann, E. E Stange, and J. Wehkamp, “From intestinal
stem cells to inflammatory bowel diseases,” World Journal of
Gastroenterology, vol. 17, no. 27, pp. 3198-3203, 2011.

J. Cosin-Roger, D. Ortiz-Masia, S. Calatayud et al, “M2
macrophages activate WNT signaling pathway in epithelial
cells: relevance in ulcerative colitis,” PLoS ONE, vol. 8, no. 10,
Article ID 78128, 2013.

A. Sato, H. Kayama, K. Shojima et al., “The Wnt5a-Ror2
axis promotes the signaling circuit between interleukin-12 and
interferon-y in colitis,” Scientific Reports, vol. 5, Article ID 10536,
2015.

J. Cosin-Roger, D. Ortiz-Masia, S. Calatayud, C. Hernandez,
J. V. Esplugues, and M. D. Barrachina, “The activation of
Wht signaling by a STAT6-dependent macrophage phenotype
promotes mucosal repair in murine IBD,” Mucosal Immunology,
2015.

M. Dhir, E. A. Montgomery, S. C. Glockner et al., “Epigenetic
regulation of WNT signaling pathway genes in inflammatory
bowel disease (IBD) associated neoplasia,” Journal of Gastroin-
testinal Surgery, vol. 12, no. 10, pp. 1745-1753, 2008.

[133]

(134]

(135]

[136]

(137]

(138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

17

A. Serafino, N. Moroni, M. Zonfrillo et al., “WNT-pathway
components as predictive markers useful for diagnosis, preven-
tion and therapy in inflammatory bowel disease and sporadic
colorectal cancer,” Oncotarget, vol. 5, no. 4, pp. 978-992, 2014.
Y. Xing, X. Chen, Y. Cao, J. Huang, X. Xie, and Y. Wei, “Expres-
sion of Wnt and Notch signaling pathways in inflammatory
bowel disease treated with mesenchymal stem cell transplan-
tation: evaluation in a rat model, Stem Cell Research and
Therapy, vol. 6, no. 1, article 101, 2015.

J. Huelsken and W. Birchmeier, “New aspects of Wnt signaling
pathways in higher vertebrates,” Current Opinion in Genetics
and Development, vol. 11, no. 5, pp. 547-553, 2001.

A.B. Coda, V. Qafalijaj Hysa, K. Seiffert-Sinha, and A. A. Sinha,
“Peripheral blood gene expression in alopecia areata reveals
molecular pathways distinguishing heritability, disease and
severity, Genes and Immunity, vol. 11, no. 7, pp. 531-541, 2010.
S. Reddy, T. Andl, A. Bagasra et al., “Characterization of Wnt
gene expression in developing and postnatal hair follicles and
identification of Wnt5a as a target of Sonic hedgehog in hair fol-
licle morphogenesis;,” Mechanisms of Development, vol. 107, no.
1-2, pp. 69-82, 2001.

G. S. Eisenbarth, “Type 1 diabetes: molecular, cellular and
clinical immunology,” Advances in Experimental Medicine and
Biology, vol. 552, pp. 306-310, 2004.

X. He, W. Han, S.-X. Hu, M.-Z. Zhang, J.-L. Hua, and S.
Peng, “Canonical Wnt signaling pathway contributes to the
proliferation and survival in porcine pancreatic stem cells
(PSCs),” Cell and Tissue Research, vol. 362, no. 2, pp. 379-388,
2015.

G. D. Weinstein, J. L. McCullough, and P. A. Ross, “Cell kinetic
basis for pathophysiology of psoriasis,” Journal of Investigative
Dermatology, vol. 85, no. 6, pp. 579-583, 1985.

M. Romanowska, A. Evans, D. Kellock et al., “Wnt5a exhibits
layer-specific expression in adult skin, is upregulated in psoria-
sis, and synergizes with type 1 interferon,” PLoS ONE, vol. 4, no.
4, Article ID e5354, 2009.

J. Han, Y. Lee, K.-H. Yeom, Y.-K. Kim, H. Jin, and V. N. Kim,
“The Drosha-DGCRS8 complex in primary microRNA process-
ing, Genes and Development, vol. 18, no. 24, pp. 3016-3027,
2004.

S. K. Singh, M. Pal Bhadra, H. J. Girschick, and U. Bhadra,
“MicroRNAs—micro in size but macro in function,” FEBS Jour-
nal, vol. 275, no. 20, pp. 4929-4944, 2008.

L. T. Jeker and R. Marone, “Targeting microRNAs for immun-
omodulation,” Current Opinion in Pharmacology, vol. 23, pp.
25-31, 2015.

J. L. Marques-Rocha, M. Samblas, E. 1. Milagro, J. Bressan, J.
A. Martinez, and A. Marti, “Noncoding RNAs, cytokines, and
inflammation-related diseases,” The FASEB Journal, vol. 29, no.
9, pp. 3595-3611, 2015.

S.Mahmood, A. Bhatti, N. A. Syed, and P. John, “The microRNA
regulatory network: a far-reaching approach to the regulate
the Wnt signaling pathway in number of diseases,” Journal of
Receptors and Signal Transduction, vol. 36, no. 3, pp. 310-318,
2016.

K. M. Pauley and S. Cha, “miRNA-146a in rheumatoid arthritis:
a new therapeutic strategy;, Immunotherapy, vol. 3, no. 7, pp.
829-831, 2011.

D. Liu, H. Zhao, S. Zhao, and X. Wang, “MicroRNA expression
profiles of peripheral blood mononuclear cells in patients with
systemic lupus erythematosus,” Acta Histochemica, vol. 116, no.
5, pp. 891-897, 2014.



18

[149] 1. Gyory, S. Boller, R. Nechanitzky et al., “Transcription factor

[150

(151

[152

]

Ebfl regulates differentiation stage-specific signaling, prolifera-
tion, and survival of B cells;” Genes and Development, vol. 26, no.
7, pp. 668-682, 2012.

S. Luo, Y. Liu, G. Liang et al., “The role of microrna-1246 in the
regulation of B cell activation and the pathogenesis of systemic
lupus erythematosus,” Clinical Epigenetics, vol. 7, no. 1, article 24,
2015.

J. Stanczyk, D. M. Leslie Pedrioli, F. Brentano et al., “Altered
expression of microRNA in synovial fibroblasts and synovial
tissue in rheumatoid arthritis,” Arthritis and Rheumatism, vol.
58, no. 4, pp. 1001-1009, 2008.

B. Qin, E Huang, Y. Liang, Z. Yang, and R. Zhong, “Analysis
of altered microRNA expression profiles in peripheral blood
mononuclear cells from patients with primary biliary cirrhosis,”
Journal of Gastroenterology and Hepatology, vol. 28, no. 3, pp.
543-550, 2013.

Journal of Immunology Research



